h Dried blood spots (DBS) are an alternative specimen type for HIV drug resistance genotyping in resource-limited settings. Data relating to the impact of DBS storage and shipment conditions on genotyping efficiency under field conditions are limited. We compared the genotyping efficiencies and resistance profiles of DBS stored and shipped at different temperatures to those of plasma specimens collected in parallel from patients receiving antiretroviral therapy in Uganda. Plasma and four DBS cards from anti-coagulated venous blood and a fifth card from finger-prick blood were prepared from 103 HIV patients with a median viral load (VL) of 57,062 copies/ml (range, 1,081 to 2,964,191). DBS were stored at ambient temperature for 2 or 4 weeks or frozen at ؊80°C and shipped from Uganda to the United States at ambient temperature or frozen on dry ice for genotyping using a broadly sensitive in-house method. Plasma (97.1%) and DBS (98.1%) stored and shipped frozen had similar genotyping efficiencies. DBS stored frozen (97.1%) or at ambient temperature for 2 weeks (93.2%) and shipped at ambient temperature also had similar genotyping efficiencies. Genotyping efficiency was reduced for DBS stored at ambient temperature for 4 weeks (89.3%, P ‫؍‬ 0.03) or prepared from finger-prick blood and stored at ambient temperature for 2 weeks (77.7%, P < 0.001) compared to DBS prepared from venous blood and handled similarly. Resistance profiles were similar between plasma and DBS specimens. This report delineates the optimal DBS collection, storage, and shipping conditions and opens a new avenue for cost-saving ambient-temperature DBS specimen shipments for HIV drug resistance (HIVDR) surveillances in resource-limited settings.
M
ost people affected by the HIV/AIDS pandemic live in resource-limited settings. Tremendous progress has been made in the scale-up of antiretroviral therapy (ART) in resourcelimited settings (1); however, increased access to ART raises concern about the emergence and transmission of significant population-level HIV drug resistance (HIVDR) (2) (3) (4) (5) . In resource-rich countries, HIV patient monitoring includes routine viral load (VL) testing and HIVDR genotyping prior to treatment initiation and in the setting of virological failure (6) . In most resource-limited settings, routine VL monitoring and HIVDR testing are not widely available or economically feasible with current technologies. To address concerns about emergence and transmission of HIVDR, the World Health Organization (WHO) recommends a public health surveillance approach that includes monitoring the level of HIVDR in populations on ART (acquired HIVDR), in patients eligible for ART (pretreatment HIVDR), and in recently HIV-infected populations (transmitted HIVDR) (7, 8) .
Plasma specimens obtained from whole blood are considered to be the gold standard specimen type for HIVDR genotyping because HIV sequence data obtained from plasma are derived from actively replicating viruses that form the majority of viruses circulating in the body. Serum, including dried serum spots, has also been successfully used for HIVDR testing (9) . Despite being the gold standard, the collection, preparation, storage, and transportation of plasma or serum specimens require laboratory equipment such as centrifuges and cold-chain facilities, including freezers and dry ice. Such facilities are not reliably available in many resource-limited settings, especially in more remote, rural areas. Omitting HIV-infected individuals in remote areas when performing surveillance of HIVDR not only may significantly bias national estimates, thus limiting the utility of results for public health and ART program planning, but also may lead to a failure to detect the accumulation of drug-resistant HIV variants in these areas. As a result, there is an urgent need for field-friendly methodologies for the preparation, storage, and transport of specimens in resource-limited settings suitable for WHO-recommended surveys of HIVDR (8) .
An alternative specimen type to plasma whose use is more practical in the field in resource-limited settings is dried blood spots (DBS). DBS require a smaller volume of blood than plasma or serum, and their usage minimizes the need for cold-chain storage and transportation requirements. In addition, DBS specimens, once completely dried, are considered noninfectious and nonhazardous (10) , allowing them to be shipped at reduced cost since they can be transported at ambient temperature using a standard courier service or in the cargo hold of regular passenger airline services. The use of DBS for performing national-level surveillance of transmitted, pretreatment, or acquired HIVDR would be especially useful as DBS specimens can be collected from any individuals meeting the requirements of survey eligibility criteria in the field regardless of the availability of good laboratory infrastructure and cold-chain transportation systems.
Studies evaluating the use of DBS for HIVDR testing have been carried out with various degrees of success and have been recently reviewed (11) (12) (13) . Amplification of the protease and reverse transcriptase (RT) regions using a variety of testing methods has been reported. The sensitivities of PCR amplification from DBS differ significantly, with a few in-house assays reporting success from DBS specimens with VL as low as 1,000 to 2,000 copies/ml (14) (15) (16) . All reports indicate lower genotyping sensitivities from DBS than from plasma specimens (17) (18) (19) (20) (21) . Notably, genotyping sensitivity of 1,000 copies/ml was achieved by only two laboratories in a recent WHO proficiency testing program (22) . The contribution of cellular RNA or proviral DNA in DBS specimens has also been investigated, with one study documenting DNA contribution in over half of patients with undetectable VL and poor sequence reproducibility from replicate PCRs (23) . In another study, proviral DNA contributed to 24 of the 37 sequences produced from DBS specimens; nonetheless, the nucleotide sequence identity of paired DBS and plasma specimens was high (98.1% to 98.8%) (24, 25) . Based on these and other data, DBS specimens are recommended as a suitable substitute for plasma in HIVDR surveillance in resource-limited settings (14-16, 18, 21, 25-28) .
The efficiency of HIVDR genotyping from DBS appears to be dependent on the assay methodology and storage conditions (temperature and humidity). Studies have shown that when DBS were stored at higher temperature and humidity, the proportion successfully amplified and genotyped was reduced (19, 21, 27, 29, 30) . Despite all these studies, there are limited data on the effect of shipment conditions on genotyping efficiency or whether previously frozen DBS can be shipped at ambient temperature using routine courier services without significantly compromising genotyping efficiency. A recent study performed in a controlled laboratory environment reported no significant impact of ambient-temperature shipment on genotyping efficiency in comparison to frozen shipment on dry ice (22) . The aim of this study was to determine the optimal ambient-temperature storage and shipment conditions of DBS specimens for HIVDR genotyping using a relatively low-cost and broadly sensitive in-house genotyping assay (25) . (These data were presented in part at the International Workshop on HIV & Hepatitis Virus Drug Resistance and Curative Strategies, 5 to 9 June 2012, Sitges, Spain.)
MATERIALS AND METHODS
Study subjects, specimen preparation, storage, and shipment conditions. This study targeted HIV-infected patients with plasma VL of over 1,000 copies/ml who were on ART for at least 6 months and who provided written informed consent. Initially, during June and July 2011, patients visiting the Mildmay Centre in Kampala, Uganda, for regular ART drug pickup were screened for eligibility in the study. In the first 2 weeks of specimen collection, 63 patients were recruited. VL tests revealed that only two patients had VL of over 1,000 copies/ml and were thus eligible for inclusion in the study. To facilitate recruitment, patients suspected of having virological failure based on previous VL test results, CD4 cell counts, and/or clinical judgment were identified. Recruitment was continued between September and October 2011 at Mildmay and expanded to three additional clinics: the AIDS Support Organization (TASO) clinic in Entebbe and two Medical Research Council/Uganda Virus Research Institute (MRC/UVRI) clinics in Entebbe and rural southwest Uganda.
During the second phase of enrollment, 227 patients, 104 (45.8%) of whom had an HIV-1 load over 1,000 copies/ml, were identified. Overall, blood specimens were collected from 290 patients, 106 (36.6%) of whom had an HIV-1 load of over 1,000 copies/ml. Among the 106 patients with VL of over 1,000 copies/ml, 103 had a complete set of DBS from all groups and were included in this study.
Venous blood was collected from each of the patients using a 10-ml K 2 EDTA tube by phlebotomy, and a DBS card was also prepared from the same patient by directly spotting from finger-prick blood (3 to 5 spots per patient). Blood tubes were transported to the MRC/UVRI laboratory in Entebbe, and DBS were prepared on the same day, while the finger-prick DBS were dried overnight on site and transported to the laboratory on the following day. Four DBS cards were prepared from each blood specimen using 75 l/spot and 5 spots per card and dried overnight. The remaining blood was then centrifuged for plasma preparation. Plasma VL was determined using the Cobas Ampliprep/Cobas TaqMan (CAP/CTM) HIV-1 test, v2.0 (Roche, Basel, Switzerland). After drying, DBS were placed individually into glassine envelopes and packaged into tightly sealed ziplock bags containing desiccants and a humidity indicator card before being stored under different conditions as shown in Table 1 . DBS cards were stored for 2 or 4 weeks at ambient temperature or frozen at Ϫ80°C before being shipped using a standard international courier service at ambient temperature or frozen on dry ice as indicated in Table 1 . During the study period, the average ambient temperature during storage was approximately 26°C and ranged from 19 to 32°C. Although humidity was not measured, the average relative humidity in the Entebbe region was 82%, ranging from 65% to 94% between June and December 2011. Plasma specimens were stored frozen at Ϫ80°C, and at the end of specimen collection, an aliquot was shipped on dry ice to the Centers for Disease Control and Prevention (CDC) laboratory for HIVDR genotyping in Atlanta, GA. Upon receipt, the specimens were stored at Ϫ80°C before testing. For all the ambient-temperature shipments, a Flashlink temperature data logger (DeltaTRAK, Pleasanton, CA) was packaged with the specimens to monitor temperature during the shipments and shipment routes were also determined from the courier service online tracking system. This study was approved by the Uganda Virus Research Institute Science and Ethics Committee and the Uganda National Council for Science and Technology. The genotyping of deidentified specimens conducted at the WHO-designated Specialized Drug Resistance Laboratory at CDC, Atlanta, GA, was deemed nonhuman-subject research by the Associate Director for Science at the Center for Global Health, CDC.
HIVDR genotyping and sequence analysis. Genotyping of the protease and RT regions of the HIV-1 pol gene was carried out using a broadly sensitive in-house method (15, 31) . Briefly, a 1,084-base-pair segment of the 5= region of the pol gene was generated by RT-PCR followed by nested PCR using total nucleic acid extracted from a DBS. This fragment was purified, sequenced using a BigDye Terminator v3.1 cycle sequencing kit (Life Technologies, Foster City, CA), and analyzed on an ABI Prism 3730 (33) . Nucleotide sequence analysis was performed using Microsoft Excel and MEGA 5.0 (34), and strict nucleotide identity was calculated (i.e., mixtures were counted as representing a difference if the base in the plasma-derived viral sequence was not a mixture). Statistical analysis. Differences in the genotyping efficiencies were analyzed using the Pearson chi-square test with the continuity correction or Fisher's exact test where appropriate. To reduce the chance of making a type II error, no adjustments were made for multiple comparisons, as it was considered necessary to sensitively detect the differences in the genotyping efficiencies between the groups. VL values were log 10 transformed before analysis. VL variation among shipments was assessed by one-way analysis of variance (ANOVA) and the least-significant-difference (LSD) post hoc test. Nucleotide sequence identity scores determined for plasma and different groups of DBS were compared using the Wilcoxon matchedpairs signed-rank test. P values were adjusted for false discovery using the Benjamini-Hochberg procedure (35) . The data analyses were performed using SPSS 21.0 software (IBM SPSS Inc., Armonk, NY) and Prism 6.0 software (GraphPad Software Inc., La Jolla, CA). A 2-tailed P value of Ͻ0.05 was considered statistically significant.
RESULTS

Patient clinical characteristics.
The median VL of the 103 study participants was 57,062 and ranged from 1,081 to 2,964,191 copies/ml (interquartile range, 14,380 to 165,714). Eleven patients had VL between 1,000 and 5,000 copies/ml, and eight had VL between 5,000 and 10,000 copies/ml. The majority (56.9%, 58/102 [1 patient without data]) of the participants were on ART for over 3 years, ranging from 2 weeks to 10 years, and were receiving a standardized non-nucleoside reverse transcriptase inhibitor (NNRTI)-based first-line regimen, while 14.6% (15/103) were on a protease inhibitor (PI)-based second-line regimen. The following antiretroviral (ARV) drugs were included in the regimens: zidovudine (72%), lamivudine or emtricitabine (100%), tenofovir (29%), abacavir (4%), nevirapine (60%), efavirenz (20%), lopinavir/ritonavir (14%), and indinavir/ritonavir (1%). The five DBS cards prepared from each eligible patient were stored and shipped under different study conditions as described in Materials and Methods (Table 1) .
Shipping conditions. The temperatures and durations of shipments between the MRC/UVRI facility in Entebbe, Uganda, and the CDC laboratory in Atlanta are shown in Fig. 1 . Most shipments arrived at the laboratory after 4 days. Shipments were routed from Entebbe to Dubai, United Arab Emirates (Middle East and African hub for the international courier), and on to a hub in Europe (usually London, United Kingdom) before transatlantic flights, followed by short domestic flights to Atlanta. One shipment (number 6) included an additional leg from Dubai to Delhi, India, which added two more days to the total transport time (6 days to arrive at destination). The highest temperature recorded was 40°C, and lowest was 1°C; however, most shipment temperatures ranged between 35°C and 5°C.
Drug resistance genotyping efficiency. The genotyping efficiencies (percentages of specimens for which amplification and sequencing were successful) of the different groups of specimens, grouped by VL range, are shown in Fig. 2 . Using plasma, the overall proportion successfully genotyped was 97.1% (100/103); there was no significant difference among VL subgroups. The proportion successfully genotyped from DBS stored and shipped frozen (DBS group 1) was similar to the proportion successfully genotyped from plasma (98.1%, 101/103), which confirms the broadly sensitive nature of the in-house assay used (15) . For group 2 DBS, which were stored immediately at Ϫ80°C and shipped at ambient temperature, the overall proportion successfully genotyped was also high (97.1%, 100/103); an apparent reduction in the proportion of DBS with VL Ͻ 10,000 copies/ml (89.5%, 17/19) was not statistically significantly different from the plasma results (94.7%, 18/19). The overall proportion successfully genotyped for DBS stored at ambient temperature for 2 weeks before being stored frozen at Ϫ80°C and shipped at ambient temperature (DBS group 3) was 93.2% (96/103), which is not statistically different from the results determined for the frozen DBS group (group 1) or plasma. Temperatures were recorded using temperature data loggers included in the DBS shipping packages. The shipments were numbered sequentially (shipment 4 was omitted due to the missing of temperature data logger in the shipping package), and the numbers of patients whose DBS specimens were contained in each shipment are indicated in the legend. Again, no difference was seen even when VL was below 10,000 copies/ml. However, DBS stored for 4 weeks and shipped at ambient temperature (DBS group 4) resulted in a statistically significant drop in the overall proportion successfully genotyped to 89.3% (92/103, P ϭ 0.03 and 0.01 compared to plasma and DBS group 1, respectively). The reduction was mainly due to a large impact on the proportion of DBS successfully genotyped for specimens with VL Ͻ 10,000 copies/ml (63.2%, 12/19). The DBS specimens made from finger-prick blood that were stored at ambient temperature for 2 weeks before being frozen at Ϫ80°C and shipped at ambient temperature (DBS group 5) had the lowest overall proportion successfully genotyped at 77.7% (80/103, P Ͻ 0.001 compared to plasma or DBS group 3). As for DBS group 4, the decrease was mainly due to the lower proportions successfully genotyped from DBS with lower VL levels: 47.4% at VL Ͻ 10,000 and 67.9% at VL between 10,000 and 50,000 copies/ml.
Compared to plasma, the proportion successfully genotyped from DBS with VL Ͻ 10,000 copies/ml was reduced for all DBS groups except group 1 (stored immediately at Ϫ80°C and shipped frozen). However, this effect was statistically significant only for DBS stored at ambient temperature for 4 weeks and shipped at ambient temperature (DBS group 4) and the DBS made from finger-prick blood (DBS group 5).
While the temperatures during shipment were fairly consistent ( Fig. 1) , analysis of the shipment temperature data (only performed for shipments containing 10 or more specimens) suggested that the genotyping efficiency from DBS was the lowest in those shipments where the maximal temperatures reached over 30°C (i.e., shipments 2 and 4 compared to shipment 10; Table 2 ). However, the median VL in the specimens of shipment 10 was the highest of those evaluated, which could also have had an impact on the genotyping efficiency.
Drug resistance mutation prevalence and sequence comparison. The presence of HIVDR-associated mutations was determined and is summarized in Table 3 . Most patients (88.3%, 91/ 103) for whom an HIVDR genotype was obtained had mutations associated with nucleoside or nucleotide reverse transcriptase inhibitor (NRTI) resistance. The predominant NRTI resistance mutations were M41L, D67N, K70R, L210W, T215F/Y, K219Q, and M184V. Similarly, most (87.4%, 90/103) patients also had mutations associated with resistance to NNRTI, predominantly, A98G, K103N, Y181C, and G190A. Only five (4.9%) patients had resistance to PIs even though 15 patients were being treated with a PI-containing regimen. The PI mutations identified were M46I, I54V, V82A, and L90M. Six patients (5.8%) had wild-type virus with no resistance mutations, four (3.9%) had only NNRTI mutations, and one (1%) had only PI mutations (V82V/L and L90L/ M). Subtyping analysis using the REGA HIV-1 subtyping tool, v2.0, revealed that 58.3% of sequences were subtype A1, 38.8% subtype D, and 2.9% subtype C.
Pairwise sequence identity analyses of results from different DBS groups and plasma (considered the "gold standard") indicated high overall sequence identity (mean pairwise identity over 98.9%) for both the entire sequence and just the codons at resistance-associated positions (Table 4) . A small but statistically significant (P Ͻ 0.0001) decrease in sequence identity versus plasma was found with DBS shipped at ambient temperature (group 2; median, 99.43%) or stored at ambient temperature for any period of time (groups 3, 4, and 5, 99.09% to 99.24%) compared to DBS group 1 (99.52%; Table 4 ). When the analysis was restricted to nucleotide sequence identity in codons corresponding to posi- Table 1 for storage and shipment conditions for the different groups of DBS. tions where resistance-associated mutations are known to occur, the median identity score was 100% for all groups (range in mean values from 99.18% to 99.36%), and no statistically significant decreases were observed (adjusted P Ͼ 0.05). Considering DBS specimens from individual patients, differences in the lists of resistance-associated mutations detected were occasionally observed between the groups. Table 5 shows DR mutation lists from two patients where low-resistance-codon sequence similarity was observed. In specimen A, mutations at positions 62, 69, 70, and 75 were detected in some but not all sequences; the presence of these mutations leads to predictions of higher-level resistance to several NRTIs than when they are absent. The mixture at RT position 179 (V179IT) was not detected in DBS group 3 or 4, in a background of K103S, G190A, and P225H. The V179T mutation makes a small contribution to the predicted level of resistance to NNRTIs in the Stanford resistance algorithm. In sample B, the G190A mutation was reported to be a mixture (G190AG) in plasma and DBS groups 1 to 3 but to be unmixed in groups 4 and 5. In contrast, the M184V mutation, also present in plasma and groups 1 to 3 in a mixture, was not detected in group 4 or 5. T215Y was detected in the DBS prepared from finger-prick blood whereas T215F (group 4) or revertants (T215IST, groups 2 and 3) were detected in other DBS samples and were absent in plasma and DBS group 1. Again, these differences led to changes in the predicted level of resistance to several NRTIs. One explanation for these differences seen between DBS and plasma is that the proviral DNA present in DBS had mutation patterns different from those of free virus in the plasma. Alternatively, the differences could have been a result of inconsistent amplification of the mixtures of variants present at the PCR step.
DISCUSSION
The results presented here demonstrate that storage of DBS at ambient temperature for 2 weeks, shipment of DBS at ambient temperature after being stored frozen, and up to 6 days of ambient-temperature shipment time do not significantly affect the proportion of specimens successfully genotyped compared to the frozen-plasma gold standard. Collection and long-term storage at Ϫ80°C followed by shipment in batches to the genotyping laboratory are also acceptable. Our results also highlight conditions to avoid when using DBS for HIVDR genotyping, namely, storage at ambient temperature for longer than 2 weeks or use of finger-prick blood collection when VL is lower than about 50,000 copies/ml.
Our study results indicate that use of DBS prepared from finger-prick blood leads to a reduction in genotyping efficiency. However, for those DBS with a VL of over 50,000 copies/ml, they could be still a suitable specimen type. The reasons for the reduction in genotyping efficiency, in spite of the relatively insignificant impact on VL testing (36) , are unclear. Possible explanations include the reduced concentration of virus particles in capillary blood due to the dilution from tissue fluid present only in fingerprick blood, presence of interfering substances or nucleases, or lower absolute volume of blood spotted onto each spot from finger-prick blood compared to the precise spotting by pipetting anticoagulated venous blood.
To our knowledge, this is the first study that monitored DBS specimens shipped in batches, over a period of weeks, between laboratories for HIVDR genotyping. As the packages were sent as nonhazardous material, they would have been included with other airfreight items under the same environmental conditions as passenger luggage. The maximum temperature reached was 40°C, which occurred during a layover in Dubai between flights, while the minimum temperature was 1°C. Thus, the temperatures were rarely above body temperature, a situation that would be expected to cause significant degradation of viral RNA (29, 37, 38) . The specimens also did not reach freezing point, thus avoiding freeze-thaw cycles that could also lead to degradation of viral nucleic acids. Shipments that are exposed to more extreme temperatures may result in inferior genotyping efficiency, especially if specimens are collected from patients with lower VL. Most DBS shipments took 4 days to reach the genotyping laboratory in the United States. This relatively short time frame may be due in part to the proximity of the MRC/UVRI laboratory to the international airport in Entebbe, and to daily flights from Entebbe to Dubai, the regional hub for the courier used throughout this study. In other settings, logistical factors such as distance from the international airport, routing options, and flight schedules used by the courier should be considered when planning studies using DBS for HIV genotyping so as to keep the transport time to a minimum. Our study had several limitations. In subgroup analyses, the sample sizes may have been too small to distinguish statistically significant differences in genotyping efficiency between groups. For example, the apparent genotyping efficiency reduction in group 2 for specimens with low VL (89.5% versus 94.7%, n ϭ 19) could become statistically significant if a larger sample size was used. The environmental temperature conditions during storage and shipments were not as extreme as they might be in other locations. Finally, DBS were prepared from venous blood using pipettes in a controlled laboratory environment. Particular environmental conditions and DBS preparation by less-experienced personnel in other situations could negatively impact genotyping assay performance using DBS.
During the second phase of enrollment for this study, we screened individuals who were suspected to be failing ART in order to identify patients who had plasma VL of over 1,000 copies/ ml. Because VL monitoring is limited in Uganda, suspicion of failure (and thus eligibility for switching to a second-line regimen) was based on falling CD4 counts and/or clinical symptoms. All 227 patients screened by this method would have been considered for switching therapy to a second-line regimen, and yet less than half (104) had plasma VL of over 1,000 copies/ml. Even with good clinical practice in Uganda, where intensive adherence counseling is the first course of action when therapy failure is suspected, our results suggest the more than half of the possible switches to a second-line regimen would have been unnecessary. A similar finding has also recently been reported from a study of ART treatment-switching practices in six African countries (39) . The greatly increased cost of second-line ART that includes a boosted PI suggests that routine VL testing could save costs by avoiding unnecessary treatment switches. WHO has recently updated its guidelines to recommend VL testing where possible, although the financial and logistical feasibility of universal VL testing in resource-limited settings is a significant challenge (40, 41) .
In conclusion, DBS specimens are a suitable specimen type for HIVDR surveillance and monitoring in resource-limited settings if carefully prepared and stored at ambient temperatures for 2 weeks or less. Frozen DBS specimens can be thawed and shipped at ambient temperature using a standard courier service to genotyping laboratories. DBS should not be stored for longer than 2 weeks at ambient temperature, and a reduction in genotyping efficiency can be expected when finger-prick blood is used for DBS preparation from patients with VL of less than about 50,000 copies/ml. These results help to define the optimal collection, storage, and shipping conditions for DBS specimens for use in HIVDR genotyping and open a new avenue for cost-saving ambient-temperature DBS specimen shipments for HIVDR surveillance and monitoring in resourcelimited settings regardless of the storage conditions before shipment. In the absence of routine individual-level VL monitoring and HIVDR genotyping, population-level surveillance of HIVDR for the purpose of informing national public health policy, including national ART guidelines, is critical (7). Use of DBS specimens for HIVDR surveillance will greatly facilitate nationally representative sampling by enabling inclusion of specimens from patients residing in rural areas.
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